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Abstract: This study examined whether physical activity is associated with better mental health
and well-being among very preterm (≤32 weeks) and term born (≥37 weeks) adolescents alike
or whether the associations are stronger in either of the groups. Physical activity was measured
with accelerometry in children born very preterm and at term in two cohorts, the Basel Study of
Preterm Children (BSPC; 40 adolescents born ≤32 weeks of gestation and 59 term born controls aged
12.3 years) and the Millennium Cohort Study (MCS; 45 adolescents born ≤32 weeks of gestation
and 3137 term born controls aged 14.2 years on average). In both cohorts, emotional and behavioral
problems were mother-reported using the Strengths and Difficulties Questionnaire. Subjective well-
being was self-reported using the Kidscreen-52 Questionnaire in the BSPC and single items in the
MCS. Hierarchical regressions with ‘preterm status × physical activity’-interaction effects were
subjected to individual participant data (IPD) meta-analysis. IPD meta-analysis showed that higher
levels of physical activity were associated with lower levels of peer problems, and higher levels of
psychological well-being, better self-perception/body image, and school related well-being. Overall,
the effect-sizes were small and the associations did not differ significantly between very preterm
and term born adolescents. Future research may examine the mechanisms behind effects of physical
activity on mental health and wellbeing in adolescence as well as which type of physical activity
might be most beneficial for term and preterm born children.
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1. Introduction
Children and adults born very preterm or with very low birth weight have an increased
risk of neurodevelopmental and mental health problems [1,2]. During adolescence and
young adulthood, those born very preterm are often described as being more socially
withdrawn and having problems with peers [3]. While prematurity increases the risk of
adverse outcomes, many very preterm born children and adolescents do not have any
symptoms of mental health problems, showing resilience in the face of complications
and adversity [4]. However, research on resilience factors among very preterm children
and adolescents is rather scarce. Existing research has identified sensitive parenting in
childhood [5] as a potential resilience factor for academic achievement among very preterm
children (i.e., in very preterm children sensitive parenting was more strongly associated
with academic outcomes than in term born children). By contrast, a recent study reported
that very preterm children may be more strongly affected by risk factors for mental health
such as family dysfunction, parental mental health problems, and peer victimisation while
not benefitting as much from potential resilience factors such as number of close friends or
sensitive parental care compared to term born children [6].
Physical activity has been suggested to promote mental health and well-being among
children and adolescents in the general population [7–9]. Furthermore, it has been linked to
increased happiness [10], positive affect [11], improved facial emotion recognition [12], and
decreased levels of anxiety, depressive symptoms, and socio-emotional difficulties [10,13].
In particular, it has been suggested that physical activity plays an important role for adoles-
cents in building a favourable self-image and self-esteem, and in decreasing social inhibition
and anxiety by evoking positive social feedback and recognition from peers [13,14].
Very preterm children tend to have more physical and motor limitations [15,16] and
show reduced pulmonary function, aerobic capacity, and muscle strength [17]. Despite this,
no difference in physical activity levels has been reported during adolescence between very
preterm and term born children [18–20], although lower levels of physical activity have been
observed in young adults [21,22]. However, research is scarce on whether physical activity has
similar benefits for mental health and well-being among very preterm children and adolescents
as it has among their term born peers [23]. As very preterm children are often reported to show
higher levels of emotional and peer problems, increased physical activity may particularly
benefit their self-image and recognition from peers and decrease social inhibition.
The objective of the current study was to examine three competing explanatory models
regarding how physical activity may impact on very preterm born adolescents’ mental
health and well-being (Figure 1). The first model (“(A) Universal Protective Effect”) proposes
that physical activity protects very preterm and term born adolescents alike from lower
mental health and well-being; the second model (“(B) Resiliency: Group-specific Protective
Effect for Preterm Children”) proposes that physical activity is a resiliency factor that
particularly benefits very preterm adolescents; while the third model (“Vulnerability: No
protective Effect for Preterm Children”) proposes that very preterm adolescents benefit
less from physical activity than those born at term [6]. While the first model (Model A)
involves a main effect (i.e., physical activity showing the same association in both groups),
the other two models describe moderation effects involving a stronger (Model B) or weaker
(Model C) positive association among very preterm adolescents in comparison to term
born adolescents. These models are tested using physical activity objectively assessed with
accelerometry, mother-reported behavioral and emotional problems, and child-reported
well-being in two samples of very preterm born adolescents and term born controls. Physical
activity was assessed with accelerometry to avoid the common-method bias, which may
inflate associations when both predictor and outcome are reported by the same person [24].
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Figure 1. Three competing hypothetical models of the impact of physical activity in very preterm and term born adolescents.
(A) Universal Protective Effect; (B) Resiliency: Group-specific Protective Effect for Preterm Children; (C) Vulnerability: No
protective Effect for Preterm Children.
2. Methods
2.1. Participants
The Basel Study of Preterm Children (BSPC) is a cohort study of very preterm children
and term born controls. The very preterm sub-sample was recruited from an initial cohort
of 260 prematurely born children, who were treated at the University Children’s Hospital
of Basel, Switzerland, between June 2001 and December 2006, and for whom gestational
age was retrieved from hospital records [25]. Cross-sectional data used for the current
study come from the third wave of the BSPC collected between February 2016 and October
2017, when the children were 11 to 15-year old (average age = 12.2 years, SD = 1.1). In
total, 40 children and adolescents born very preterm (≤32 weeks and 0 days of gestation)
had sufficient days of valid accelerometry recordings to be included (i.e., at least 4 days
with a wear time of at least 70% including one weekend day). The control sub-sample
included 59 term born participants, who were originally recruited through official birth
notifications (≥37 weeks and 0 days of gestation; also including post-terms) as an age and
sex matched comparison group in the first wave of the BSPC when children were 8 years
old on average [25].
The Millennium Cohort Study (MCS) is a representative longitudinal study of 18,818 infants
born in the UK [26]. A random sample was drawn from Child Benefit registers of infants
born in the UK, between September 2000 and January 2002, and who were living in the UK
at the age of 9 months. Parents were interviewed for the first time when the children were
aged 9 months (survey 1), and again at 14 years (survey 6). Validity of parent-reported
gestational age at 9 months after birth has been reported by Poulsen and colleagues [27].
Cross-sectional data at wave 6 were used for the current study, when participants were
14.2 years old (SD = 0.3). Data of twins and triplets were included in the analysis. Detailed
analysis of sociodemographic data and a flow chart of study participation of different
gestational age groups have been published before [20]. In total, 10,337 MCS members
had been invited for the accelerometry protocol. After excluding 6258 participants with
insufficient accelerometer data (i.e., participants with a wear time of 70% or less on one
of two accelerometry assessment days), and 292 with missing data on gestational age
or gestational age ranging from 32 + 1 to 36 + 6 weeks, the study sample included 45
very preterm born adolescents (≤32 weeks and 0 days of gestation) and 3137 term born
participants (≥37 weeks and 0 days of gestation; also including post-terms). Very preterm
children were not more likely to drop out of the analysis compared to their term born
counterparts (participation rate among very preterm adolescents was 17.8% compared to
18.7% among those born at term; (x2(1) = 0.13, p = 0.72)).
Sample characteristics of very preterm and term born adolescents are shown in Table 1
for both cohorts.
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Table 1. Sample characteristics of the very preterm and term born adolescents and reliability indices for study scales




















Gestational age (weeks) 30.2 (2.1) 39.5 (1.5) p < 0.001 - 29.5 (2.4) 39.6 (1.3) p < 0.001 -
Age at assessment (years) 12.3 (1.0) 12.1 (1.1) p = 0.233 - 14.3 (0.4) 14.2 (0.3) p = 0.130 -
Sex (n Male) 21 (51.2) 31 (50.8) p = 0.968 - 22 (48.9) 1438 (45.8) p = 0.684 -
Neurosensory impairment (n) 2 (4.9) 1 (1.6) p = 0.563 - 2 (4.4) 56 (1.8) p = 0.197 -
Ethnic minority group (n) 10 (24.4) 7 (11.5) p = 0.086 - 11 (24.4) 408 (13.0) p = 0.024 -
Parental tertiary education (n) 14 (34.1) 44 (72.1) p < 0.001 - 16 (35.6) 1028 (32.8) p = 0.693 -





7.34 (4.90) 7.36 (5.68) p = 0.987 0.83 8.20 (5.95) 7.12 (5.40) p = 0.187 0.71 0.129
Emotional symptoms 1.82 (1.85) 1.36 (1.67) p = 0.206 0.70 2.36 (2.49) 1.84 (2.02) p = 0.088 0.72 0.259 *
Conduct problems 1.25 (1.28) 1.64 (1.88) p = 0.259 0.59 1.26 (1.64) 1.12 (1.38) p = 0.488 0.62 −0.037
Hyperactivity/inattention 2.95 (2.23) 2.81 (2.47) p = 0.776 0.80 2.69 (2.20) 2.60 (2.25) p = 0.793 0.76 0.047
Peer problems 1.33 (1.42) 1.55 (1.75) p = 0.499 0.57 1.89 (1.75) 1.56 (1.73) p = 0.219 0.63 0.058
Well-being (child-reported):
Overall well-being 126.08 (13.39) 125.75 (12.24) p = 0.900 0.88 33.64 (7.64) 33.42 (6.48) p = 0.815 - 0.031
Psychological well-being 20.43 (2.48) 20.34 (2.19) p = 0.853 0.81 5.73 (1.53) 5.59 (1.40) p = 0.483 - 0.079
Self-perception 17.37 (2.98) 16.95 (2.71) p = 0.471 0.69 5.16 (1.54) 4.80 (1.55) p = 0.132 - 0.203
Peer relations 19.68 (3.05) 18.90 (3.36) p = 0.240 0.85 5.67 (1.55) 5.97 (1.28) p = 0.118 - −0.017
School related well-being 19.40 (2.70) 19.03 (3.24) p = 0.558 0.82 11.02 (3.23) 11.00 (2.46) p = 0.956 - 0.048
1 Pooled mean difference estimate from the random effects meta-analysis (See Supplementary Table S1); * p = 0.033.
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2.2. Ethical Considerations
Ethical approval from the respective ethic committees (BSPC: Ethikkommission
Nordwest-und Zentralschweiz, reference number 122/11; MCS: London-Hampstead Re-




In the BSPC, physical activity was measured over seven consecutive days with tri-
axial accelerometers (ActiGraph LLC; Pensacola, FL, USA) worn on the wrist of the non-
dominant hand throughout the day. ActiLife software 6.13.3 (ActiGraph LLC) was used
for the initialization of accelerometers, download, and processing of collected data. Prior
to analyses, wear time validation was performed with the Troiano and colleagues′ [28]
algorithm implemented in the program that defines non-wear time by an interval of 60
or more consecutive minutes of zero activity intensity counts, with allowance for one
to two minutes of counts between 0 and 100. Recorded days with a non-wear time of
30% or higher were excluded from the analyses. A dataset was considered valid, if data
covered at least four days after controlling for non-wear time, and if one of these days
was a valid weekend day [29]. Physical activity on valid days was coded into number
of minutes of sedentary, light, moderate, and vigorous physical activity using counts per
minute cut-points, which have been validated in children [30]. Cut-off points for moderate
and vigorous physical activity were 3600 counts/min and 6200 counts/min, respectively.
The level of objective physical activity per week was calculated by summing minutes of
vigorous and moderate physical activity performed by the participants divided by the
number of days of accelerometry data collection and multiplied by 7. To use physical
activity in cross-cohort analysis, the variable was z-standardized.
In the MCS, objective physical activity was measured using GENEActiv Original
accelerometer devices worn on the wrist of the non-dominant hand on one day during
the week and one weekend day calculating Euclidean Norm Minus One (ENMO). Total
number of minutes are indicated summing up 1-min epochs with ENMO > 100 mg [31].
This variable representing the total number of minutes of moderate to vigorous physical
activity was highly correlated with other definitions of moderate-vigorous physical activity
(e.g., it correlated at r = 0.85 (p < 0.001) with moderate to vigorous physical activity defined
as bouts of 5-min windows with 80% of time spent in moderate-vigorous physical activity).
To calculate a weekly average, weekday physical activity was multiplied by 5 and weekend
physical activity was multiplied by 2 before summing the two values. To use physical
activity in cross-cohort analysis, the variable was z-standardized.
2.3.2. Behavioral and Emotional Problems
Mothers reported on behavioral and emotional problems in both the BSPC and the
MCS using 20 items of the Strengths & Difficulties Questionnaire (SDQ) [32]. The response
scale for each item ranged from zero (not true) to two (certainly true). The overall score and
the sub-scores for the four domains of emotional symptoms (five items), conduct problems
(five items), hyperactivity and inattention (five items), and peer problems (five items) were
used in analyses. Higher scores correspond to more severe behavioral and emotional
problems. Reliability coefficients (α) are shown in Table 1.
2.3.3. Positive Well-Being
Positive well-being was self-reported with the Kidscreen-52 [33] in the Basel Study of
Preterm Children (BSPC), and with single items in the Millennium Cohort Study (MCS).
Facets of positive well-being measured in both studies included psychological well-being
(Kidscreen-52-example item: “Have you been satisfied with your life?”, MCS-single item:
“How do you feel about your life as a whole?”), self-perception (Kidscreen-52-example
item: “Did you worry about your appearance?”, MCS-single item: “How do you feel about
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the way you look?”), peer relations (Kidscreen-52-example item: “Could you rely on your
friends?”, MCS-single item: “How do you feel about your friends?”), school related well-
being (Kidscreen-52-example item: “Have you been happy at school?”, MCS-single item:
“How do you feel about the school you go to?”). The overall well-being scale involved
all Kidscreen52 items in the BSPC and a mean score of the MCS-single item scales. The
Kidscreen-52 included five-point Likert scales, while the MCS-single items included a
seven-point Likert scale (1 = ‘completely happy’ to 7 = ‘not at all happy’); all scales were
coded such that higher values denoted higher levels of well-being.
2.3.4. Covariates
The following covariates were included in the analysis: participants’ age at the assess-
ment of the outcomes, sex, neurosensory impairment, ethnic minority group membership,
and parental education. Neurosensory impairment was defined as parent-reported severe
visual impairments, hearing deficits, or motor impairments (including cerebral palsy), or
cognitive ability scores of at least three SDs below the population average. Cognitive ability
scores were assessed with the Wechsler Intelligence Scale for Children-IV in BSPC, at an
average age of 10 years (during the second study wave of the BSPC), and with the British
Ability Scales (Picture Similarity and Pattern Construction) in the MCS, at the age of 5 years.
Ethnic minority group membership was measured with adolescents’ first language, which
was used as a proxy (0 = German; 1 = other) in the BSPC, and with parent-reported ethnic
minority status (0 = white British; 1 = other) in the MCS. Parental education was defined
by the highest educational level of either parent (0 = no parent had tertiary education;
1 = either the mother or the father had tertiary education).
2.4. Statistical Analysis
Preliminary analyses were conducted separately for both cohorts and involved com-
paring physical activity, behavioral and emotional problems, and well-being between very
preterm and term born adolescents as well as examining Pearson’s correlations between
physical activity and covariates. This was followed by random-effects meta-analysis to com-
pare pooled means of physical activity, behavioral and emotional problems, and well-being
of very preterm and term born adolescents across the two cohorts.
As the main analysis, two-step individual participant data (IPD) meta-analysis was
conducted. In the first stage, following the procedure of Aiken and West [34], hierarchical
regression analyses were conducted with physical activity, preterm status, and their interac-
tion term (physical activity × preterm status) as predictors added to the regression model
in consecutive steps. All analyses were controlled for sex, age at assessment, neurosen-
sory impairment, ethnic minority group membership, and parental education. Outcome
variables were mother-reported behavioral and emotional problems or child-reported well-
being. Outcome variables and physical activity were z-standardized prior to analysis to
allow for comparisons between the two cohorts and unstandardized regression coefficients
are displayed. These analyses were conducted using SPSS (version 24; IBM Corporation,
Armonk, NY, USA).
In the second stage, two separate sets of meta-analyses were conducted for main effects
of physical activity (i.e., regression coefficients for physical activity before interaction terms
were added to the hierarchical regression models) and interaction effects (physical activity
× preterm status). Pooled effects and 95% confidence intervals (CIs) were computed
using the random-effects method with DerSimonian and Laird technique [35]. In all
meta-analyses, between-study heterogeneity was tested using the Cochran’s Q statistic and
quantified by the I2 value. Low heterogeneity was defined as an I2 value of 0–25%, moderate
heterogeneity as an I2 of 25–75%, and high heterogeneity as an I2 of 75–100%. Two-stage
random-effects IPD meta-analysis was conducted using the ‘ipdmetan’ command [36]
in STATA (version 15.0; StataCorp, College Station, TX, USA). We applied a Bonferroni
correction to account for multiple comparisons (p = 0.05/10 = 0.005).
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We further conducted two sensitivity analyses. In the first sensitivity analysis, we
repeated all analyses excluding those who were twins/triplets (as including these partic-
ipants this could have resulted in skewed findings). In the second sensitivity analysis,
we used propensity score matching using the ‘psmatch2′ command in STATA in the MCS
cohort, where there was a large difference in the number of participants between the very
preterm and term born groups, and repeated the regression analysis. Using propensity
score matching has advantages including that it provides a more precise treatment effect
by creating a balanced data set [37].
3. Results
3.1. Descriptive Statistics
Participants′ characteristics are presented in Table 1. In the BSPC sample, very preterm
adolescents were less likely to have parents with tertiary education than term born adoles-
cents. Moreover, very preterm adolescents were more likely to belong to ethnic minority
groups in the MCS sample. Pooled mean differences based on random effects meta-analysis
revealed significantly higher levels of emotional problems in very preterm compared to
term born children (Std. mean difference = 0.26, p = 0.03; Supplementary Table S1). How-
ever, no further significant differences in mean levels of behavioral and emotional problems,
well-being, and physical activity between the groups were found.
In the BSPC sample, physical activity correlated significantly with age (r = −0.42,
p < 0.001) but not with sex, neurosensory impairment, ethnic minority group membership,
and parental education (all p-values > 0.20). In the MCS sample, physical activity was
associated with sex (r = −0.12, p < 0.001), ethnic group (r = −0.06, p = 0.002), and parental
education (r = −0.06, p < 0.001), indicating lower physical activity among girls, participants
with ethnic minority background, and with parents with lower educational levels, but was
not correlated with age.
3.2. Individual Participant Data (IPD) Meta-Analysis
Table 2 displays the findings of the IPD meta-analysis. In the IPD meta-analysis of the main
effects, physical activity was associated with lower levels of emotional symptoms (β =−0.048;
95% CI = −0.081–−0.014) and peer problems (β = −0.086; 95% CI =−0.120 –−0.053) but
higher levels of hyperactivity/inattention (β = 0.066; 95% CI = 0.016–0.116). Physical activity
was also associated with higher levels of overall well-being (β = 0.057; 95% CI = 0.022–0.091),
psychological well-being (β = 0.053; 95% CI = 0.019–0.087), more favorable self-perception
(β = 0.061; 95% CI = 0.028–0.094), and better school related well-being (β = 0.056; 95%
CI = 0.022–0.090). Using a Bonferroni correction (p = 0.05/10 = 0.005), the associations
between physical activity and hyperactivity/inattention and emotional problems were
non-significant. No statistically significant heterogeneity existed between the study cohorts
in the analyses of the main effects (p-values > 0.14). Findings remained the same in the
sensitivity analysis repeating the analysis without the twin/triplet participants (i.e., all
formerly significant associations remained significant at the Bonferroni corrected level of
p < 0.005; Supplementary Table S2).
In the IPD meta-analysis of interaction effects the only significant association was
between the physical activity × preterm status interaction and hyperactivity/inattention
(β = −0.281; 95% CI = −0.557–−0.005), which became nonsignificant after correction for
multiple comparisons. Apart from this association, there were no significant physical
activity × preterm status interactions with any of the outcome variables. There was
significant heterogeneity between the two samples in general and psychological well-being,
which were not explained by female sex, minority ethnicity, and university level parental
education (Ps > 0.05). For both domains, the heterogeneity was indicative of increased
well-being among very preterm adolescents with higher physical activity in the BSPC
sample, but of an inverse relationship for the MCS.
The findings of the hierarchical regression analyses for the two cohorts (i.e., the
first stage of the IPD meta-analysis) are displayed in Table 3. Findings regarding the
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physical activity × preterm status interactions remained similar after using propensity
score matching for the MCS cohort (data not shown).
Table 2. Meta-analysis of associations of physical activity as well as physical activity × preterm status interactions with
behavioral/emotional difficulties and well-being











Main Effects of Physical Activity
Total behavioral/emotional
difficulties 2 −0.017 0.819 −0.164 0.130 1.90 47.3 0.16
Emotional symptoms 2 −0.048 0.005 −0.081 −0.014 0.76 0.5 0.47
Conduct problems 2 0.007 0.938 −0.173 0.187 2.20 54.5 0.13
Hyperactivity/inattention 2 0.066 0.010 0.016 0.116 1.06 5.4 0.30
Peer problems 2 −0.086 <0.001 −0.120 −0.053 0.63 0.0 0.42
Overall well-being 2 0.057 0.001 0.022 0.091 0.17 0.0 0.67
Psychological 2 0.053 0.002 0.019 0.087 0.24 0.0 0.62
Self-perception 2 0.061 <0.001 0.028 0.094 0.32 0.0 0.57
Peer relations 2 0.014 0.440 −0.021 0.049 0.34 0.0 0.55
School related well-being 2 0.056 0.001 0.022 0.090 0.13 0.1 0.77
Interaction between Preterm
status and Physical Activity
Total behavioral/emotional
difficulties 2 −0.244 0.084 −0.521 0.033 1.07 6.5 0.30
Emotional symptoms 2 −0.157 0.353 −0.426 0.112 0.22 0.0 0.64
Conduct problems 2 −0.127 0.366 −0.404 0.149 0.20 0.0 0.65
Hyperactivity/inattention 2 −0.281 0.046 −0.557 0.005 0.94 0.0 0.33
Peer problems 2 −0.182 0.183 −0.451 0.086 0.16 0.0 0.69
Overall well-being 2 0.070 0.842 −0.621 0.762 5.89 83.0 0.02
Psychological 2 −0.098 0.730 −0.651 0.456 4.05 75.3 0.04
Self-perception 2 −0.058 0.837 −0.604 0.489 3.77 73.5 0.05
Peer relations 2 0.052 0.713 −0.225 0.328 0.15 0.1 0.79
School related well-being 2 0.030 0.896 −0.416 0.475 2.61 61.8 0.10
Note: Dependent variables and physical activity were z-standardized before analyses; unstandardized regression coefficients are displayed.
Table 3. Hierarchical regressions of child- and mother-reported outcomes (z-standardized).
Heading
Basel Study of Preterm Children
n = 40 Very Preterms (≤32nd Gest. Week);
n = 59 Term Borns (≥37th Gest. Week)
Millennium Cohort Study
n = 45 Very Preterms (≤32nd Gest. Week);
n = 3137 Term Borns (≥37th Gest. Week)
Physical Activity 1 Preterm × PA Physical Activity 1 Preterm × PA
β SE p β SE p β SE p β SE p
Mental health (mother-rated SDQ):
Overall behavioral and emotional
difficulties
−0.167 0.111 0.136 −0.394 0.212 0.066 −0.012 0.016 0.459 −0.109 0.175 0.530
Emotional symptoms −0.123 0.109 0.261 −0.225 0.211 0.289 −0.045 0.017 0.009 −0.096 0.178 0.590
Conduct problems −0.166 0.119 0.168 −0.194 0.231 0.402 0.012 0.016 0.44 −0.067 0.169 0.690
Hyperactivity-inattention −0.052 0.117 0.656 −0.427 0.224 0.061 0.069 0.017 <0.001 −0.150 0.175 0.391
Peer problems −0.171 0.108 0.119 −0.240 0.210 0.255 −0.084 0.017 <0.001 −0.130 0.178 0.465
Well-being (child-rated):
Overall well-being (scales combined) 0.105 0.117 0.378 0.444 0.226 0.053 0.055 0.017 0.002 −0.262 0.182 0.151
Psychological 0.105 0.110 0.341 0.201 0.215 0.352 0.051 0.017 0.003 −0.364 0.180 0.044
Self-perception 0.125 0.116 0.282 0.238 0.226 0.296 0.058 0.017 0.001 −0.320 0.177 0.072
Peer relations −0.049 0.109 0.654 0.091 0.213 0.668 0.016 0.018 0.384 0.016 0.187 0.931
School related well-being 0.024 0.111 0.828 0.270 0.215 0.212 0.057 0.018 0.001 −0.185 0.182 0.309
Note: Dependent variables and physical activity were z-standardized before analyses; unstandardized regression coefficients are dis-
played. All models control preterm birth status, sex, age, sensory or motor impairments, ethnic minority status, and parental education.
1 Coefficients for physical activity from hierarchical regression models before the interaction term is entered to the model.
4. Discussion
IPD meta-analysis for the two cohorts revealed that higher levels of physical activity
were associated with lower levels of peer problems reported by mothers. Similarly, higher
levels of physical activity were associated with higher overall well-being, psychological
and school-related well-being and better self-perception and body image as reported by
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adolescents themselves. The association of physical activity with behavioral and emotional
problems and well-being was not found to be different between very preterm born and
term born adolescents. Thus, consistent with the first of the three competing explanatory
models (“(A) Universal Protective Effect”), physical activity is similarly associated with
behavioral and emotional problems and well-being among all adolescents. Very preterm
adolescents were neither more vulnerable nor more susceptible to the effects of physical
activity. However, the observed effect sizes were small.
It has been suggested that physical activity may have a positive effect on mental health
and well-being among adolescents, as it may evoke positive social feedback and recogni-
tion from peers, which in turn improves self-image and decreases social inhibition and
anxiety [13]. Very preterm adolescents and adults are more often socially withdrawn and
anxious [3,38] as well as socially excluded and bullied by peers [2]. Activities that decrease
social anxiety and enhance peer recognition, such as physical activity, were expected to
particularly improve mental health and well-being in very preterm adolescents. However,
the findings indicate that physical activity was associated with improved self-perception
and decreased peer problems among both very preterm and term born adolescents.
Finally, the findings are consistent with studies indicating that during adolescence,
those born very preterm show similar levels of physical activity as their term born counter-
parts [18–20], while differences may develop later in young adulthood when those born
preterm at very low birth weight (<1500 g) report over 50% less physical activity than term
born peers, measured by questionnaire, while no differences were seen when measured by
accelerometry [21,22].
The following limitations of the study need to be mentioned. First, preliminary
analyses only showed significant mean differences between very preterm and term born
adolescents regarding emotional problems, while no further significant differences in
behavioral and emotional problems and well-being were found in both cohorts. However,
there is a large body of evidence suggesting that differences regarding attention difficulties
and peer problems exist as well [1,38,39]. It is possible that the main analyses were affected
as the cohorts included very preterm children with fewer attention difficulties and peer
problems than expected. Relatedly, the two samples differ in how they were recruited
and how representative they are for the entire population of very preterm and term born
children. While it is conceivable that generally analyses based on the Millennium Cohort
Study may lead to more generalizable conclusions, this may not necessarily transfer to
analyses related to the relatively small subsample of very preterm children. Second,
while IPD meta-analysis of two cohorts was used to increase statistical power, the overall
number of very preterm adolescents studied was still relatively small and power to detect
interaction effects was limited (observed power for the strongest interaction effect, i.e.,
regarding hyperactivity and inattention, was 0.72 before the Bonferroni correction). This is
in contrast to the much larger number of term born adolescents particularly in the MCS,
which allowed examining the main effects of physical activity with ample statistical power.
Third, the two cohort studies used different accelerometry devices, different definitions
for valid accelerometry recordings, and different scales to measure wellbeing. Relatedly,
the accelerometers in both studies were worn on the wrist, while studies on physical
activity often use waist-worn devices (e.g., [28,29]). Furthermore, while MCS recruited all
participants early in life, the BSPC followed a case-control approach matching very preterm
children with control children according to age and sex at the first study wave when the
children were 8 years old. These differences may have increased heterogeneity of the
findings between the two studies. Fourth, only a relatively small percentage of the original
birth cohorts had valid accelerometry readings in adolescence. While in MCS the drop out
was not selective for very preterm birth, a dropout analysis from birth to follow-up was not
feasible for the BSPC because the comparison sample was recruited at the first follow-up
time point at 8 years of age on average. Fifth, while the use of objective measures of
physical activity may be regarded as a strength of the study, it may also involve a limitation.
Accelerometry is better able to measure the number of steps, while it is not sensitive to
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other types of physical activity such as cycling or static exercise (see [40] for a discussion).
It is possible that some types of exercise have more positive effect on well-being among
adolescents than others, as it has been suggested for learning to play golf vs. playing
soccer [41]. Particularly highly competitive team sports might also impose a threat to
self-esteem and well-being for some adolescents. The current study does not inform us
regarding the actual type of physical activity that has the greatest potential to positively
affect mental health and well-being among very preterm and term born adolescents. Finally,
causality cannot be inferred due to the observational cross-sectional design.
5. Conclusions
In conclusion, this study suggests that physical activity is associated with improved
mental health and well-being for all adolescents, whether born full term or very preterm,
although the effect size is small. It remains a task for future studies to determine whether
distinct types and aspects of physical activity have a greater influence among very preterm
or term born adolescents.
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-4601/18/4/1735/s1, Table S1: Meta-analysis of differences in behavioral/ emotional difficulties
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difficulties and well-being without twins/triplets.
Author Contributions: A.B. (Asteria Brylka) contributed to the data curation, formal analysis, and
writing the initial manuscript. D.W. contributed to the conceptualization, funding acquisition,
methodology, supervision, and reviewing/editing of the manuscript. S.L. (Sebastian Ludyga) con-
tributed to the formal analysis, resources, and reviewing/editing of the manuscript. A.B. (Ayten
Bilgin) contributed to formal analysis and reviewing/editing of the manuscript. J.S. contributed to
the methodology, formal analysis, and reviewing/editing of the manuscript. H.T. contributed to
data curation and reviewing/editing of the manuscript. A.G. (Anna Gkiouleka) contributed to fund-
ing acquisition and reviewing/editing of the manuscript. M.G. contributed to the formal analysis,
resources, and reviewing/editing of the manuscript. S.B. contributed to funding acquisition and
reviewing/editing of the manuscript. A.G. (Alexander Grob) contributed to funding acquisition and
reviewing/editing of the manuscript. P.W. contributed to funding acquisition and reviewing/editing
of the manuscript. K.H. contributed to investigation of the literature and reviewing/editing of the
manuscript. E.K. contributed to investigation of the literature, funding acquisition, and review-
ing/editing of the manuscript. K.R. contributed to investigation of the literature, funding acquisition,
and reviewing/editing of the manuscript. S.L. (Sakari Lemola) contributed to the conceptualiza-
tion, funding acquisition, methodology, data curation, investigation, and reviewing/editing of the
manuscript. All authors have read and agreed to the published version of the manuscript.
Funding: The research was funded by the New Opportunities for Research Funding Agency Co-
operation in Europe (NORFACE), Dynamics of Inequality Across the Life-course Program (DIAL;
grant no. 462-16-040). The Basel Study of Preterm Children was funded by the Swiss National Science
Foundation (Projects: Sleep, cognitive, and socio-emotional development in preterm children during
middle and late childhood, grant no. 143962; Socio-emotional development and mental health of pre-
term children: The role of HPA axis function, sleep, neuroplasticity, and physical exercise during
the transition to adolescence, grant no. 159362). The funding sources had no involvement in study
design, collection, analysis, and interpretation of the data, the writing of the manuscript, and the
submission process.
Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee Ethikkommission Nordwest-und
Zentralschweiz (Ethical Application Reference 122/11, 2 October 2015) and London-Hampstead
Research Ethics Committee, REC reference 14/LO/0868), and the Humanities and Social Sciences
Research Ethics Committee of the University of Warwick (Ethical Application Reference: 96/17-18,
1 May 2018).
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Int. J. Environ. Res. Public Health 2021, 18, 1735 11 of 12
Data Availability Statement: Data of the BSPC can be accessed via: Department Klinische Forschung
(Universität Basel) (DKF) https://dkf.unibas.ch/c/o (accessed on 8 February 2021) Universitätsspital
Basel, Schanzenstrasse 55, 1. Stock, 4031 Basel, Switzerland. departement_klinische_forschung@usb.ch.
Data of the Millennium Cohort Study are available through the UK Data Service, Center for Longitudi-
nal Studies: https://cls.ucl.ac.uk (accessed on 8 February 2021) › cls-studies › millennium-cohort-study.
Acknowledgments: We thank The Center for Longitudinal Studies, UCL Institute of Education for
the use of these data and the UK Data Archive and UK Data Service for making them available.
However, they bear no responsibility for the analysis or interpretation of these data. We thank all
participants of the Basel Study of Preterm Children and of the Millennium Cohort Study.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Aarnoudse-Moens, C.S.H.; Weisglas-Kuperus, N.; van Goudoever, J.B.; Oosterlaan, J. Meta-analysis of neurobehavioral outcomes
in very preterm and/or very low birth weight children. Pediatrics 2009, 124, 717–728. [CrossRef]
2. Wolke, D.; Baumann, N.; Strauss, V.; Johnson, S.; Marlow, N. Bullying of preterm children and emotional problems at school age:
Cross-culturally invariant effects. J. Pediatr. 2015, 166, 1417–1422. [CrossRef]
3. Eryigit-Madzwamuse, S.; Strauss, V.; Baumann, N.; Bartmann, P.; Wolke, D. Personality of adults who were born very preterm.
Arch. Dis. Childhood Fetal Neonatal Ed. 2015, 100, F524–F529. [CrossRef]
4. Wolke, D. Preterm birth: High vulnerability and no resiliency? Reflections on van Lieshout et al. J. Child Psychol. Psychiatry 2018,
59, 1201–1204. [CrossRef] [PubMed]
5. Wolke, D.; Jaekel, J.; Hall, J.; Baumann, N. Effects of sensitive parenting on the academic resilience of very preterm and very low
birth weight adolescents. J. Adolesc. Health 2013, 53, 642–647. [CrossRef]
6. Van Lieshout, R.J.; Ferro, M.A.; Schmidt, L.A.; Boyle, M.H.; Saigal, S.; Morrison, K.M.; Mathewson, K.J. Trajectories of psy-
chopathology in extremely low birth weight survivors from early adolescence to adulthood: A 20-year longitudinal study. J. Child
Psychol. Psychiatry 2018, 59, 1192–1200. [CrossRef]
7. Andersen, J.R.; Natvig, G.K.; Aadland, E.; Moe, V.F.; Kolotkin, R.L.; Anderssen, S.A.; Resaland, G.K. Associations between
health-related quality of life, cardiorespiratory fitness, muscle strength, physical activity and waist circumference in 10-year-old
children: The ASK study. Qual. Life Res. 2017, 26, 3421–3428. [CrossRef] [PubMed]
8. Biddle, S.J.; Asare, M. Physical activity and mental health in children and adolescents: A review of reviews. Br. J. Sports Med.
2011, 45, 886–895. [CrossRef]
9. Lubans, D.; Richards, J.; Hillman, C.; Faulkner, G.; Beauchamp, M.; Nilsson, M.; Biddle, S. Physical activity for cognitive and
health in youth: A systematic review of mechanisms. Pediatrics 2016, 138, e20161642. [CrossRef] [PubMed]
10. Booker, C.L.; Skew, A.J.; Kelly, Y.J.; Sacker, A. Media use, sports participation, and well-being in adolescence: Cross-sectional
findings from the UK household Longitudinal Study. Am. J. Public Health 2015, 105, 173–179. [CrossRef]
11. Wen, C.K.F.; Liao, Y.; Maher, J.P.; Huh, J.; Belcher, B.R.; Dzubur, E.; Dunton, G.F. Relationships among affective states, physical
activity, and sedentary behavior in children: Moderation by perceived stress. Health Psychol. 2018, 37, 904. [CrossRef]
12. Brand, S.; Gerber, M.; Colledge, F.; Holsboer-Trachsler, E.; Pühse, U.; Ludyga, S. Acute Exercise and Emotion Recognition in
Young Adolescents. J. Sport Exerc. Psychol. 2019, 41, 129–136. [CrossRef] [PubMed]
13. Kirkcaldy, B.D.; Shephard, R.J.; Siefen, R.G. The relationship between physical activity and self-image and problem behaviour
among adolescents. Soc. Psychiatry Psychiatr. Epidemiol. 2002, 37, 544–550. [CrossRef]
14. Liu, M.; Wu, L.; Ming, Q. How does physical activity intervention improve self-esteem and self-concept in children and
adolescents? Evidence from a meta-analysis. PLoS ONE 2015, 10, e0134804. [CrossRef]
15. Evensen, K.A.I.; Ustad, T.; Tikanmäki, M.; Haaramo, P.; Kajantie, E. Long-term motor outcomes of very preterm and/or very low
birth weight individuals without cerebral palsy: A review of the current evidence. Semin. Fetal Neonatal Med. 2020, 25, 101116.
[CrossRef] [PubMed]
16. Spittle, A.J.; Cameron, K.; Doyle, L.W.; Cheong, J.L. Victorian Infant Collaborative Study Group. Motor impairment trends in
extremely preterm children: 1991–2005. Pediatrics 2018, 141, e20173410. [CrossRef]
17. Takken, T.; van Haastert, I.C.; Scholman, W.L.; Block, A.J.; Eijsermans, M.J.C.; Vries, L.S. Aerobic exercise capacity and its
relationship with pulmonary function, muscle strength, physical activity and motor competence in preterm born children: The
PREMAFIT-pilot study. In Aerobic Exercise and Athletic Performance: Types, Duration and Health Benefits; Lieberman, D.C., Ed.; Nova
Science Publishers Inc.: London, UK, 2010; pp. 293–306.
18. Dahan-Oliel, N.; Mazer, B.; Majnemer, A. Preterm birth and leisure participation: A synthesis of the literature. Res. Dev. Disabil.
2012, 33, 1211–1220. [CrossRef]
19. Nordvall-Lassen, M.; Hegaard, H.K.; Obel, C.; Lindhard, M.S.; Hedegaard, M.; Henriksen, T.B. Leisure time physical activity in
9-to 11-year-old children born moderately preterm: A cohort study. BMC Pediatr. 2018, 18, 163. [CrossRef] [PubMed]
20. Spiegler, J.; Mendonça, M.; Wolke, D. Prospective Study of Physical Activity of Preterm Born Children from Age 5 to 14 Years. J.
Pediatr. 2019, 208, 66–73. [CrossRef]
Int. J. Environ. Res. Public Health 2021, 18, 1735 12 of 12
21. Kaseva, N.; Wehkalampi, K.; Strang-Karlsson, S.; Salonen, M.; Pesonen, A.K.; Räikkönen, K.E. Lower conditioning leisure-time
physical activity in young adults born preterm at very low birth weight. PLoS ONE 2012, 7, e32430. [CrossRef]
22. Tikanmäki, M.; Kaseva, N.; Tammelin, T.; Sipola-Leppänen, M.; Matinolli, H.M.; Eriksson, J.G.; Kajantie, E. Leisure-time physical
activity in young adults born preterm. J. Pediatr. 2017, 189, 135–142. [CrossRef]
23. Dahan-Oliel, N.; Mazer, B.; Maltais, D.B.; Riley, P.; Nadeau, L.; Majnemer, A. Child and environmental factors associated with
leisure participation in adolescents born extremely preterm. Early Hum. Dev. 2014, 90, 665–672. [CrossRef]
24. Podsakoff, P.M.; MacKenzie, S.B.; Lee, J.Y.; Podsakoff, N.P. Common method biases in behavioral research: A critical review of
the literature and recommended remedies. J. Appl. Psychol. 2003, 88, 879. [CrossRef]
25. Maurer, N.; Perkinson-Gloor, N.; Stalder, T.; Hagmann-von Arx, P.; Brand, S.; Holsboer-Trachsler, E.; Wellmann, S.; Grob, A.; Weber
PLemola, S. Salivary and hair glucocorticoids and sleep in very preterm children during school age. Psychoneuroendocrinology
2016, 72, 166–174. [CrossRef] [PubMed]
26. Connelly, R.; Platt, L. Cohort profile: UK Millennium Cohort Study (MCS). Int. J. Epidemiol. 2014, 43, 1719–1725. [CrossRef]
[PubMed]
27. Poulsen, G.; Kurinczuk, J.J.; Wolke, D.; Boyle, E.M.; Field, D.; Alfirevic, Z.; Quigley, M.A. Accurate reporting of expected delivery
date by mothers 9 months after birth. J. Clin. Epidemiol. 2011, 64, 1444–1450. [CrossRef]
28. Troiano, R.P.; Berrigan, D.; Dodd, K.W.; Masse, L.C.; Tilert, T.; McDowell, M. Physical activity in the United States measured by
accelerometer. Med. Sci. Sports Exerc. 2008, 40, 181–188. [CrossRef]
29. Barreira, T.V.; Schuna, J.M.; Tudor-Locke, C.; Chaput, J.P.; Church, T.S.; Fogelholm, M.; Maher, C. Reliability of accelerometer-
determined physical activity and sedentary behavior in school-aged children: A 12-country study. Int. J. Obes. Suppl. 2015, 5, S29.
[CrossRef] [PubMed]
30. Mattocks, C.; Leary, S.; Ness, A.; Deere, K.; Saunders, J.; Tilling, K.; Riddoch, C. Calibration of an accelerometer during free-living
activities in children. Int. J. Pediatr. Obes. 2007, 2, 218–226. [CrossRef]
31. Heywood, J. Millennium Cohort Study. Physical Activity: Accelerometer dataset MCS6 (2015). User Guide; UCL; Centre for Lon-
gitudinal Studies: London, UK, 2018. Available online: http://doc.ukdataservice.ac.uk/doc/8156/mrdoc/pdf/mcs6_2018_
accelerometer.pdf (accessed on 1 July 2019).
32. Goodman, R. The strengths and difficulties Questionnaire: A research note. J. Child Psychol. Psychiatry 1997, 38, 581–586.
[CrossRef]
33. Ravens-Sieberer, U.; Gosch, A.; Rajmil, L.; Erhart, M.; Bruil, J.; Duer, W.; Auquier, P.; Power, M.; Abel, T.; Czemy, L.; et al.
KIDSCREEN-52 quality-of-life measure for children and adolescents. Expert Rev. Pharm. Outcomes Res. 2005, 5, 353–364.
[CrossRef] [PubMed]
34. Aiken, L.S.; West, S.G. Multiple Regression: Testing and Interpreting Interactions; Sage: Newbury Park, CA, USA, 1991.
35. DerSimonian, R.; Laird, N. Meta-analysis in clinical trials. Control. Clin. Trials 1986, 7, 177–188. [CrossRef]
36. Fisher, D.J. Two-stage individual participant data meta-analysis and generalized forest plots. Stata J. 2015, 15, 369–396. [CrossRef]
37. Rosenbaum, P.R.; Rubin, D.B. The central role of the propensity score in observational studies for causal effects. Biometrika 1983,
70, 41–55. [CrossRef]
38. Pyhälä, R.; Wolford, E.; Kautiainen, H.; Andersson, S.; Bartmann, P.; Baumann, N.; Räikkönen, K. Self-reported mental health
problems among adults born preterm: A meta-analysis. Pediatrics 2017, 139, e20162690. [CrossRef]
39. Johnson, S.; Wolke, D. Behavioural outcomes and psychopathology during adolescence. Early Hum. Dev. 2013, 89, 199–207.
[CrossRef] [PubMed]
40. Martikainen, S.; Pesonen, A.K.; Lahti, J.; Heinonen, K.; Tammelin, T.; Kajantie, E.; Räikkönen, K. Physical activity and psychiatric
problems in children. J. Pediatr. 2012, 161, 160–162. [CrossRef] [PubMed]
41. Schulze, C. Effect of playing golf on children’s mental health. Mental Health Prev. 2019, 13, 31–34. [CrossRef]
